Esca is a destructive disease that affects vineyards leading to important losses in wine production. Information about the response of Vitis vinifera plants to this disease is scarce, particularly concerning changes in plant metabolism. In order to study the metabolic changes in Vitis plants affected by esca, leaves from both infected and non-affected cordons of V. vinifera cv. Alvarinho (collected in the Vinho Verde region, Portugal) were analysed. The metabolite composition of leaves from infected cordons with visible symptoms [diseased leaves (dl)] and from asymptomatic cordons [healthy leaves (hl)] was evaluated by 1D and 2D 1 H-nuclear magnetic resonance (NMR) spectroscopy. Principal component analysis (PCA) of the NMR spectra showed a clear separation between dl and hl leaves, indicating differential compound production due to the esca disease. NMR/PCA analysis allowed the identification of specific compounds characterizing each group, and the corresponding metabolic pathways are discussed. Altogether, the study revealed a significant increase of phenolic compounds in dl, compared with hl, accompanied by a decrease in carbohydrates, suggesting that dl are rerouting carbon and energy from primary to secondary metabolism. Other metabolic alterations detected comprised increased levels of methanol, alanine, and g-aminobutyric acid in dl, which might be the result of the activation of other defence mechanisms.
Introduction
Esca is a destructive disease that affects grapevines worldwide. The aetiology of the disease is complex and is not fully understood; however, several fungi are known to be associated with this disease: Phaeomoniella chlamydospora, Phaeoacremonium aleophilum, and Fomitiporia mediterranea or Fomitiporia punctata, are the most frequently isolated from diseased plants. However, because not all the attempts to prove the pathogenicity of these fungi were successful and considering that esca-associated deuteromycetes have been isolated from asymptomatic plants, it is thought that other factors are required for the development of esca. These factors are still unclear but may include vine age, variety susceptibility, site and time of infection, the host's defence response, and environmental factors (Graniti et al., 1999) . Symptoms of the disease occur both internally, in the trunk and branches, and externally, in the leaves and berries. Frequently the disease is detected only when external symptoms appear, particularly in leaves, but the plants may be infected for long periods of time before external symptoms become visible . Typical leaf symptoms appear as small chlorotic spots expanding between the veins or along leaf margins, merging to fill the entire leaf, except a small line of healthy tissue along the main veins (Mugnai et al., 1999) . Today, esca affects grapevines worldwide and the incidence of the disease has been increasing on a global scale. In Portugal the estimated incidence of esca disease is 20% (Mugnai et al., 1999) . Grapevine decline symptoms were registered in central and southern Portuguese regions (Rego et al., 2000) , as well as in the northwest, in the Vinho Verde demarcated region (Chicau et al., 2000) . Also, it has been noted, in the last few years, that the illness has become more destructive and is often preceded or accompanied by other debilitating syndromes. Nowadays, esca disease presents a major problem worldwide, for which no appropriate treatment has been found (Surico, 2000) .
Despite the economic importance of viticulture and the negative effects of vine diseases, the defence mechanisms of V. vinifera against pathogens are still poorly understood. One of the most recognized defence responses in plants is the production of defensive compounds, which result mainly from secondary metabolism and are highly diversified in chemical structure and among plant species. Most phytoalexins belong to four classes: phenolics, acetylenics, terpenoids, and nitrogen-containing compounds (Harborn, 1999) , and most plant-pathogen interaction studies have focused only on these classes of compounds. However, progress in both analytical techniques and data analysis has led to an increasing number of studies targeting the whole plant metabolome and the overall effects resulting from plant-pathogen interactions, thus pursuing an improved understanding of the defence response (Allwood et al., 2008) .
Several analytical techniques have been used in plant metabolomics, namely chromatographic methods such as high-performance liquid chromatography (HPLC), mass spectrometry (MS), and nuclear magnetic resonance (NMR) spectroscopy. One-dimensional (1D) NMR spectroscopy is increasingly becoming the method of choice in plant metabolomic studies, at least as a first screening approach (Ward et al., 2007) . The use of NMR spectroscopy has several advantages including simple and rapid sample preparation, rapid and automated analysis, and the ability to detect a broad range of compounds, therefore giving a representative view of the metabolome (typically down to micromolar concentrations). Proton ( 1 H) NMR spectroscopy is a particularly good choice in plant metabolomic studies given the universal occurrence of protons in organic metabolites Colquhoun, 2007) . The main disadvantages of this analytical method are the low sensitivity, high spectral complexity, and signal overlap. However, these disadvantages can be overcome, at least in part, using two-dimensional (2D) NMR techniques (Krishnan et al., 2005; Ward and Beale, 2006) . In addition to the advances in analytical techniques, increasingly sophisticated multivariate statistical methods are employed to extract selected information from large sets of complex data such as NMR spectra. Principal component analysis (PCA) is a simple and useful tool frequently used in metabolomics. It describes the main sources of variability within the data: original variables are replaced by principal components (PCs), which are linear combinations of original variables Ward and Beale, 2006; Colquhoun, 2007) . This study used 1D 1 H-NMR spectroscopy coupled with PCA (Jolliffe, 1986) and 2D 1 H-NMR techniques to investigate the metabolomic profiling of V. vinifera healthy and esca diseased leaves. The objective of this study was to uncover eventual differential metabolite profiles due to esca disease and to identify the major metabolites contributing to the differences between healthy and diseased leaves.
Materials and methods

Samples
Vitis vinifera cv. Alvarinho leaves were collected in Brejoeira (Vinho Verde region in the North of Portugal). Five grapevines were selected. For each plant, two leaves from a cordon without visible foliar symptoms (healthy leaves) and two leaves from a cordon with visible foliar symptoms (diseased leaves) were collected. The leaves were freeze-dried and ground individually. Freeze-dried biomass (100 mg) was extracted in 1500 ll of pH 6.0 buffer made up of of 750 ll of methanol-d 4 (Sigma, St Louis, MO, USA) plus 750 ll of KH 2 PO 4 (Merck KGaA, Darmstadt, Germany) buffer (pH 6.0) in D 2 O (Sigma) containing 0.1% (w/w) trimethyl silane propionic acid sodium salt (TSP; Sigma), as NMR chemical shift reference . Samples were vortexed, sonicated for 20 min, and incubated overnight at 4°C. Supernatant (800 ll) was recovered after centrifugation and stored at 4°C for up to 7 d until NMR analysis.
NMR spectroscopy
All 1 H-NMR spectra were recorded at 300K on a Bruker DRX-500 spectrometer operating at a frequency of 500.13 MHz for protons. Standard 1D 1 H spectra were acquired using the 'noesypr1d' (RD-90°-t 1 -90°-t m -90°-acquire) pulse sequence using a 100 ms mixing time (t m ), a fixed 4 ls t 1 delay, and water presaturation was performed during the relaxation delay and mixing time. 1D spectra were acquired with 128 transients, 64 000 complex data points, 10 330.58 Hz spectral width (SW), and 1.5 s relaxation delay. Prior to Fourier transformation (FT), the free induction decays (FIDs) were zero-filled to 64 000 points and multiplied by an exponential line-broadening function of 0.3 Hz. The 1D spectra were manually phased, baseline corrected, and the chemical shifts referenced internally to a-glucose H1 resonance at 5.23 ppm. Total correlation spectroscopy (TOCSY) 1 H-1 H spectra were recorded in phase-sensitive mode using States-TPPI (time proportional phase incrementation) detection in t 1 with a MLEV17 spin lock pulse sequence (Bax and Davis, 1985) . Thirty-two FIDs with 8000 complex data points per increment and a total of 350 increments were acquired with SW 8002.13 Hz and 8012.82 Hz (for F1 and F2 dimensions, respectively), 90 ms mixing time, and 1.4 s relaxation delay. Heteronuclear single quantum coherence (HSQC) 1 H-13 C spectra were acquired with inverse detection, 13 C decoupling during acquisition, 64 FIDs with 4000 complex data points per increment, 300 increments, SW 8012.82 Hz and 25153.81 Hz for 1 H and 13 C dimensions, respectively, and 1.5 s relaxation delay. 2D spectra were manually phased in both dimensions, after FT and zero filling, baseline corrected and referenced internally to a-glucose H1 in the 1 H dimension and to TSP methyl carbons at 0 ppm in the 13 C dimension.
Statistical analysis
Data matrices of integrated regions of variable width, of the whole spectra and of three separate spectral regions [aliphatic (0.5-3.2 ppm), sugar (3.2-6.0 ppm), and aromatic (6.0-8.5 ppm)] were analysed by PCA using the Cats97 software developed at the Universidade de Aveiro and the Institute National Agronomique Paris-Grignon (Barros, 1999) . The whole spectra as well as each spectral region were normalized before PCA.
Results and discussion
NMR spectroscopy of leaf extracts Figure 1 shows the typical 1D 1 H-NMR spectra (0.6-8.0 ppm) recorded for healthy and diseased V. vinifera cv. Alvarinho leaves, with expansions of the lower intensity aliphatic (0.6-3.2 ppm) and aromatic (5.5-8.0 ppm) regions. The difference between the spectral profiles of diseased and healthy leaves is clear. In particular, the peak profile changes significantly in the aromatic region of diseased leaves, along with an increase in the intensity of the underlying broad signals. Also, the spectral profile in the aliphatic region changes significantly (see peaks indicated by arrows in Fig. 1) , with peaks arising from unidentified compounds at 0.82-1.15, 1.81, and 1.90 ppm, alanine (at 1.53 ppm), and c-aminobutyric acid (GABA; at 1.99, 2.45, and 3.07 ppm), increasing in diseased leaves relative to healthy leaves. An increase in methanol (peak at 3.36 ppm) is also noted in the diseased leaves. Due to the extensive peak overlap, TOCSY and 1 H-13 C correlation experiments were also recorded (data not shown) in order to unveil further spectral information. A complete list of the spin systems identified, both assigned and unassigned (named A to R), is given in Table 1 . Peak assignment was carried out using basis on the Bruker BioSpin BBiorefcode 2.0.0 standard compound database and comparison with literature data (Figueiredo et al., 2008) . In the aliphatic region, alanine, GABA, and several organic acids (lactic, acetic, pyruvic, and succinic acids) were identified. In the sugar region, signals arise from ascorbic and tartaric acids, methanol, inositol, fructose, and a-and b-glucose. In the aromatic region, the assigned signals derive from shikimic acid, quercetin-3-O-glucoside, and caffeic acid. However, many signals remain unassigned at this stage, being the subject of ongoing work using LC-NMR spectroscopy to improve sensitivity and reduce signal overlap.
It is widely accepted that colonization by esca-related fungi is restricted to the trunk and branches. However, it has been described that fungal metabolites produced in colonization sites move to the leaves via the xylem stream, namely the fungal-produced toxins scytalone and isosclerone (Bruno et al., 2007) . Nevertheless, after comparing the results obtained here with published NMR data on scytalone and isosclerone , these toxic compounds could not be found in the analysed samples. So, the changes in metabolites found in leaves should be primarily (or exclusively) due to plant metabolism rather than having a fungal origin.
PCA of NMR data
PCA was applied to 1D 1 H-NMR spectra of healthy and diseased V. vinifera cv. Alvarinho leaves in order to confirm the differences between the metabolic profiles of healthy and diseased leaves statistically and to pinpoint the main peaks responsible for those differences.
A scores scatter plot of the first two PCs obtained considering the whole 1 H-NMR spectra (0.5-8.5 ppm) is presented in Fig. 2A and shows clear separation of healthy and diseased leaves along PC1. The noteworthy proximity of duplicate samples (in some cases overlapping), corresponding to two leaves of each grapevine, is an indication of the high reproducibility of the sample composition, under the conditions in which leaf collection was carried out. The metabolites contributing to the separation of healthy and diseased leaves along PC1 can be distinguished in a loadings plot, together with visual inspection of the spectra, since the position of the samples in a given direction in the scores plot is determined by the metabolites lying in the same direction in the loadings plot. In this case, because in the scores plot diseased leaves lay towards positive PC1 values, the compounds more abundant in those samples are found for positive PC1 values on the loadings plot, and vice versa. Thus, the corresponding PC1 loadings plot (Fig. 2B) shows that the visibly discriminating signals lie mainly in the sugar region, showing a decrease in carbohydrate content (glucose and fructose) and an increase in methanol in diseased leaves. In order to highlight the changes in relatively less abundant compounds resonating in the aliphatic and aromatic regions of the spectra, PCA was also performed in the three subregions of the spectra separately.
The scores scatter plots of PC1 and PC2 obtained for aliphatic, sugar, and aromatic regions (Fig. 3) confirm the clear separation between healthy and diseased leaves along PC1, reflecting differential metabolic production most probably due to the esca disease. In all three plots, the closeness of duplicates is noteworthy (overlapping in some cases, as in Fig. 2A) . One of the duplicates of healthy leaves (noted with a dotted line circle in Fig. 3C ) is far away from the healthy leaves cluster, which was found to be due to the presence of a compound resonating at 6.81 ppm, and still unassigned, that is absent in all the remaining healthy leaves. Figure 4 shows the corresponding PC1 loadings plots indicating the varying compounds in each region of the spectrum, as well as a significant number of as yet unassigned peaks which, nevertheless, play an important role in the distinction between healthy and diseased leaves. The interpretation of the PC1 loadings plot corresponding to the aliphatic region (Fig. 4A ) confirms that alanine, GABA, pyruvic acid, and unknown peaks at 0.82-1.15, 1.81, and 1.90 ppm are increased in diseased leaves while shikimic and acetic acids and an unknown peak at 1.35 ppm are decreased in diseased leaves (Table 2 ). In the sugar region, interpretation of the PC1 loadings plot (Fig. 4B) confirms that, compared with healthy leaves, a-and b-glucose, fructose, and shikimic acid are decreased in diseased leaves, while methanol is increased (Table 2) . Finally, in the aromatic region, the PC1 loadings plot (Fig. 4C) confirms that quercetin-3-O-glucoside, caffeic acid, and an unknown peak at 6.77 are decreased in diseased leaves, while several unknown peaks at 8. 05, 7.70, 7.58, 7.09, 6.89-7.01, 6 .52, and 6.32 ppm are increased in these leaves, compared with healthy leaves (Table 2) .
Proposed metabolic interpretation of metabolomics data
Taken together, the results demonstrate that esca disease induces changes in several metabolic pathways in diseased leaves. The results suggest that the metabolism of diseased leaves flows towards the production of phenylpropanoid compounds and deviates from primary metabolism (overview in Fig. 5 ), since diseased leaves show decreased carbohydrate content (glucose and fructose) and increased phenolic production, compared with healthy leaves. Furthermore, other metabolic alterations were detected in diseased leaves, particularly increased levels of alanine, GABA, pyruvate, and methanol.
The increase of GABA under esca-induced stress in V. vinifera leaves is not surprising since GABA production is catalysed by glutamate decarboxylase which is activated by two mechanisms: cytosolic acidification and increase in cytosolic calcium. Both mechanisms are known often to accompany biotic and abiotic stresses (Kinnersley and Turano, 2000; Fait et al., 2007) . In particular, an increase in cytosolic calcium may be occurring in esca-diseased leaves similar to that found in V. vinifera cells elicited with the esca-related fungus P. chlamydospora in order to deploy an early defence response (Lima, 2009) . It is hypothesized that alanine accumulation in diseased leaves may result from the availability of GABA and pyruvic acid since the enzyme GABA transaminase can use pyruvate to lead to the later production of alanine (Fait et al., 2007) . This mechanism has been suggested to explain alanine accumulation induced by anaerobic stress (Mayer et al., 1990 , and references therein). Furthermore, increases in GABA and alanine have been reported as resulting from the plant response to several types of stress (Wallace et al., 1984; Mayer et al., 1990; Monlise et al., 2003; Kato-Noguchi and Ohashi, 2006; Miyashita et al., 2007; Allan et al., 2008) . Although the exact functions of alanine and GABA in plant defence are not well established, both have been proposed as temporary nitrogen reserves and as participants in signalling (Vanlerberghe et al., 1991; Monlise et al., 2003; Zulak et al., 2008) . In addition, alanine and GABA are metabolites with compatible solute-like properties, and compatible solutes accumulate during stress, contributing to protein and membrane stabilization as well as to maintaining osmotic pressure (Kaplan et al., 2004) . It has been previously suggested that alanine and GABA increase in response to an osmotic potential decrease due to a decrease in carbohydrate content (Kato-Noguchi and Ohashi, 2006) . Therefore, the increase in alanine and GABA levels detected here may be contributing to regulation of osmotic potential in diseased leaves, since in these leaves a decrease in carbohydrate content was also noted.
The decrease in glucose and fructose may reflect the decrease in photosynthetic activity that was previously described in esca-diseased leaves of V. vinifera cv. Alvarinho (Felgueiras, 2006) . In addition, the decrease in glucose and fructose accompanied by an increase in pyruvate in diseased leaves suggest the presence of active glycolysis. Also, the decrease in shikimic acid and increase in phenolic compounds indicate that the shikimic acid-phenylpropanoid pathway is enhanced in esca-diseased leaves. Therefore, the results suggest that the plant is investing in the production of secondary rather than primary metabolites. The rerouting from primary to secondary metabolism in plants in response to both biotic and abiotic stresses has been documented before (Broeckling et al., 2004; Choi et al., 2006; Kim et al., 2007; Zulak et al., 2008) .
Esca-diseased leaves also show an increased amount of methanol. It has been suggested that methanol may result from several different processes occurring in plant cells; however, it is thought that the majority of methanol produced by plants, particularly in leaves, results from the activity of pectin methylesterases (PMEs), which are enzymes that catalyse the demethylation of pectins in plant cell walls (Fall and Benson, 1996; Frenkel et al., 1998; Micheli, 2001; Galbally and Kirstine, 2002; Pelloux et al., 2007) . It has been hypothesized that PME activity may be involved in defence processes: methanol emissions suggested to be the result of PME activity were shown to be specifically enhanced by herbivore attack on leaves or exposure of wounds to larval oral secretions, leading to the hypothesis that methanol might act as a defensive substance, possibly as a signal molecule (Peñ uelas et al., 2005; Pelloux et al., 2007; von Dahl et al., 2008) . PME activity was also suggested to be involved in cell wall strengthening by lignification (Galbally and Kirstine, 2002; Pelloux et al., 2007) . Because it has already been reported that escadiseased leaves of V. vinifera cv. Alvarinho increased their lignin content compared with healthy leaves (Felgueiras, 2006) , it is suggested that the increased methanol content in Table 2 . Discriminating compounds/peaks of V. vinifera cv. Alvarinho healthy (hl) and diseased (dl) leaves, presented as an increase or decrease in dl leaves compared with hl (average increase/decrease percentages are shown) diseased leaves might reflect an increase in PME activity leading to lignification of cell walls as a defence mechanism against the disease. Further enzymatic tests may lead to the confirmation of this hypothesis.
Finally, the results presented here show a significant increase in phenolic secondary metabolites in diseased leaves compared with healthy leaves. This is demonstrated by the increase in signals in the aromatic region of the spectra of diseased leaves ( Fig. 1 and Table 2 ). This increase of phenolic content in diseased leaves demonstrates that V. vinifera cv. Alvarinho is capable of mounting a defence response against esca, in spite of the recognized susceptibility of this grapevine variety to this disease. In Vitis, the accumulation of phytoalexins upon fungal infection is one of the best described defence reactions, and the capacity of the plant to produce phytoalexins has been correlated to disease resistance (Douillet-Breuil et al., 1999; Bruno and Sparapano, 2006a, b; Figueiredo et al., 2008) . Several previous studies on esca disease also reported an increase in polyphenols in grape roots, wood, xylem sap, leaves, and calli of esca-diseased grapevines or infected with escarelated fungi (Amalfitano et al., 2000; Del Rio et al., 2001; Bruno and Sparapano, 2006a, b; Martin et al., 2009) .
Besides phytoalexins, plants produce constitutive antifungal substances (phytoanticipins) that can act immediately upon pathogen attack (Harborn, 1999) . The compounds quercetin-3-O-glucoside and caffeic acid were detected by 1 H-NMR in healthy leaves. It is hypothesized that these compounds might be functioning in healthy leaves as phytoanticipins, since the antimicrobial activity of these compounds has been reported (Nascimento et al., 2000; Treutter, 2006; Widmer and Laurent, 2006) . In summary, the NMR/PCA approach showed that the metabolism of V. vinifera cv. Alvarinho diseased leaves reflects an active state of defence against esca, with a putative deviation of carbon and energy from primary to secondary metabolism (in order to produce phytoalexins). This was suggested by the enormous increase in phenolic compounds in esca-diseased leaves accompanied by a decrease in carbohydrates (glucose and fructose). Additionally, other metabolic alterations were detected in diseased leaves, particularly increased levels of methanol, alanine, and GABA, which might be the result of the activation of other defence mechanisms Until now, studies on the host's response to esca disease have focused on disease-induced phenolic production. This study is a step forward in providing a broader insight into the disease-imposed metabolomic modifications in planta and suggesting putative defence mechanisms activated. A better understanding of the metabolic responses of escainfected V. Vinifera will help further understanding of how this elusive disease affects plant physiology.
Transcriptomic and proteomic studies may further confirm these results, as well as analysis of plant material showing intermediate disease stages or analysis of samples taken from grapevines with different degrees of resistance to esca. As an analytical approach, NMR spectroscopy proved to be very effective in discriminating the metabolomic profiles of diseased and healthy leaves, thus demonstrating the great potential of NMR-based metabolomic studies applied to the study of plant diseases.
